Photosynthetic picoeukaryotes (PPEs) are important components of the marine picophytoplankton community playing a critical role in CO 2 fixation but also as bacterivores, particularly in the oligotrophic gyres. Despite an increased interest in these 5 organisms and an improved understanding of the genetic diversity of this group we still know little of the environmental factors controlling the abundance of these organisms.
Summary
Photosynthetic picoeukaryotes (PPEs) are important components of the marine picophytoplankton community playing a critical role in CO 2 fixation but also as bacterivores, particularly in the oligotrophic gyres. Despite an increased interest in these 5 organisms and an improved understanding of the genetic diversity of this group we still know little of the environmental factors controlling the abundance of these organisms.
Here, we investigated the quantitative importance of eukaryotic parasites in the freeliving fraction as well as in associations with PPEs along a transect in the South Atlantic.
Using TSA-FISH (Tyramide Signal Amplification -Fluorescence in situ hybridization) 10 we provide quantitative evidence of the occurrence of free-living fungi in open ocean marine systems, while Perkinsozoa and Syndiniales parasites were not abundant in these waters. Using flow cytometric cell sorting of different PPE populations followed by a dual-labelled TSA-FISH approach we also demonstrate fungal associations, potentially parasitic, occurring with both pico-Prymnesiophyceae and pico-Chrysophyceae. These 15 data highlights the necessity for further work investigating the specific role of marine fungi as parasites of phytoplankton to improve understanding of carbon flow in marine ecosystems.
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Introduction
Photosynthetic picoeukaryotes (PPEs), herein defined as cells <5 µm in diameter, are gaining recognition as significant contributors to CO 2 fixation in many marine ecosystems (Jardillier et al., 2010; Cuvelier et al., 2010) . Whilst long considered as obligate autotrophs, PPEs are now known to include active bacterivores i.e. they exhibit 5 mixotrophic behaviour (Hartmann et al., 2012 (Hartmann et al., , 2013 Unrein et al., 2014) . Hence, these organisms are not only key CO 2 fixers but also play a role in controlling bacterioplankton abundance, acting as producers of organic matter and predators at the same time. Interest in these organisms has thus increased dramatically in recent years, and we now have a relatively good knowledge of their molecular diversity, largely through surveys of 10 nuclear and plastid-encoded small subunit rRNA genes (e.g. Vaulot et al., 2008; Kirkham et al., 2013) . In contrast, factors controlling the abundance of PPEs remain poorly understood. Recent ship-board nutrient addition experiments suggest that, at least over the short term (10-11 h), nutrient availability does not limit CO 2 fixation by these organisms (Grob et al., 2015) suggesting top-down regulation the most likely controlling 15 factor of open ocean PPE CO 2 fixation. Here, we investigated the impact of eukaryotic parasitism on PPEs, which remains largely unexplored in ocean ecosystems.
Eukaryotic parasites are characterized by complex life cycles. They can include developmental stages comprising free-living zoospores 2-6 µm in size that are well represented in molecular studies Chambouvet et al., 2008 Chambouvet et al., , 2014 . 20
As a result they can infect hosts belonging to various trophic levels (Marcogliese and Cone, 1997) . For a long time they have been neglected in mathematical models of aquatic trophic networks (Lafferty et al., 2008) . However, their introduction into such models can
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have important qualitative and quantitative impacts on ecosystem functioning, e.g. by extending the length of food chains and/or modulating the transfer of carbon (Niquil et al., 2011) .
In oceanic environments eukaryotic parasites are mainly representatives of the "superphylum" Alveolata -a polyphyletic group including ciliates, Apicomplexa, 5
Perkinsozoa and Dinoflagellata (Chambouvet et al., , 2014 Gachon et al., 2010; Guillou et al., 2008; Leanders and Keeling, 2003) . Many Fungi, especially those belonging to the Chytridiomycota, are also known to be parasitic in a wide range of habitats (e.g. see . However, very few fungal lineages have been detected or isolated from oceanic environments (Massana and Pedrós-Alió, 2008) , 10 perhaps due to the limited number of geographic regions that have been analysed so far.
Fungal diversity has been investigated by both conventional culture-dependent methods Burgaud et al. 2009; Jebaraj et al. 2010; ) and culture-independent methods (Bass et al., 2007; Lopez-Garcia et al., 2007; Jebaraj et al., 2010; Nagano et al., 2010; Sauvadet et al., 2010; Nagahama et al., 2011) . Deep-sea environments, including 15 hydrothermal vents, are the best studied in terms of fungal composition (for a review see: Nagano and Nagahama, 2012) . Fungi reported from these environments mostly belong to the phylum Ascomycota. However, Chytridiomycota have also been detected as one of the major fungal components in several deep-sea environments, such as hydrothermal vents and methane cold-seeps, but only by culture-independent methods (Nagano and 20 Nagahama, 2012) . In contrast, very few species have been detected in surface marine waters using both culture and culture-independent approaches (Massana and Pedrós-Alió, 2008; Gleason et al., 2011 , Richards et al., 2012 Lepelletier et al., 2014) . Therefore, 
Results and Discussion
PPE composition along AMT19 20
To determine which photosynthetic classes were potentially susceptible to parasitism we first assessed the composition of the Plast-S and Plast-L populations along AMT19. The contribution of different classes to the total eukaryotic community (<5 µm) is expressed Accepted Article as a percentage of all positively hybridised eukaryotic cells targeted by the probe EUK1209 (Giovannoni et al., 1988) . At all stations, the Plast-S fraction was dominated by Pelagophyceae (30±11%) and Chrysophyceae (20%±14) whereas Prymnesiophyceae were the principal component of the Plast-L cells (48±18%) (Supplementary Table 1 ).
Cryptophyceae were detected at some stations, but where detected represented only 5 2±1% of the total eukaryote population in both fractions (Supplementary Table 1 ). The composition of these PPE size classes is similar to those obtained previously in Atlantic waters (Jardillier et al., 2010; Grob et al., 2011) . At most of the stations the three classes Prymnesiophyceae, Chrysophyceae and Pelagophyceae encompassed the majority of PPEs. However, for some stations (i.e. JC039056; JC03970), the percentage of PPEs 10 targeted by these FISH probes was rather low, suggesting other PPE classes, perhaps with more sporadic distributions, dominate in such locations. Indeed, previous molecular characterization found for example some Prasinophyceae clades (e.g. 16S Clades VI and VIII) can constitute a large part of the PPE community in some oceanic regions (Kirkham et al., 2013) . 15
Parasite abundance and distribution along AMT19
Sequences affiliated to Syndiniales have been regularly observed in 18S rRNA gene libraries from marine ecosystems . However, their quantitative distribution has rarely been studied in oceanic waters (Siano et al., 2011) . The abundance of the free living stage of Syndiniales (dinospores, 3-7 µm diameter, Figure 2a ) assessed 20 using the general Syndiniales group II probe (ALV01) was highly variable along the AMT19 transect, though generally cell numbers were low. No Syndiniales dinospores were detected at six stations (Table 1) , principally in the Subtropical Gyre (SG), whereas Accepted Article in Southern Temperate (ST) areas they reached a maximum concentration at station JC03972 (800 cells ml -1 ) and contributed up to 26% of total eukaryote cells (<5µm;
targeted by the probe EUK1209). However, the total abundance of Syndiniales may be underestimated because of the specificity of the ALV01 probe, which targets only 33 of the 44 described clades. Unfortunately, oligonucleotide probes for FISH analyses could 5 not be designed to cover the entire genetic diversity of marine alveolates group 2 (MALV II, Siano et al., 2011) . Nonetheless, our FISH data is consistent with Syndiniales dinospores being more abundant in coastal waters compared with open ocean sites, especially when considering oligotrophic systems Siano et al., 2011) . Indeed, these latter authors found a positive correlation 10 between zoospore occurrence and higher nutrient concentrations.
The phylum Perkinsozoa is part of the Alveolata "super-phylum" and comprises a diverse group of aquatic parasites infecting a wide range of species such as molluscs, amphibians and phytoplankton (Bråte et al., 2010 , Lepelletier et al., 2014 . However, FISH analysis using the PERKIN_01 and PERKIN_02 probes gave no positive signals, 15 except for stations JC03970 (1-2 cells ml -1 ) and JC03972 (3-4 cells ml -1 ) (Figure 2b ). This is consistent with Perkinsozoa being largely absent from the water column but rather being preferably found in sediments (Chambouvet et al., 2014) .
Recent environmental surveys of lacustrine microbial eukaryotes have revealed a wide species diversity and major role of fungal parasites in these systems, consisting 20 primarily of chytrids (Chytridiomycota). In contrast, 18S rRNA gene surveys focusing on the small eukaryotic fraction (<5 µm) in surface ocean waters have shown <1% of the sequences to be affiliated with fungi (Massana and Pedrós-Alió, 2008) . However,
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whether this low abundance of fungal sequences is real or due to copy number bias when using the 18S rRNA gene (Zhu et al., 2005) is unclear. To potentially get around the copy number problem, herein we assessed the distribution and abundance of free living fungal stages along AMT19 using three FISH probes targeting (1) all divisions of the Eumycota (MY1574; Baschien et al., 2008) , (2) 
2011; Jones et al., 2011). 10
Free-living stages of fungi (mostly zoospores) were observed at all stations with probe MY1574, representing on average 9.3% of the total eukaryote community (Table 1 and Figure 2c ). The maximum abundance of Eumycota (14% of all eukaryote cells targeted by the probe EUK1209) was recorded at station JC03974 in the ST region.
Chytridiales (Chyt1061 probe) were less abundant, representing on average 3.5% of the 15 total eukaryote community, and was absent from surface waters at three stations (Table   1 ). The LKM11-01 probe gave no positive signals at station sampled along AMT19, suggesting members of the Cryptomycota are not abundant in ocean surface waters (Jones et al., 2011) , although environmental sequences corresponding to this group have been retrieved from deep-sea ecosystems, ocean sediments and freshwater lakes (Nagano 20 et al., 2012; Jones et al., 2011; Lepère et al., 2008) .
Associations between PPEs and potential parasites
Using dual labeling TSA-FISH on sorted Plast-S and Plast-L cells, no association was Accepted Article detected between Syndiniales dinospores and PPEs. This observation is consistent with their known parasitism of larger cell types e.g. dinoflagellates (Siano et al., 2011 ). An increase in abundance of larger eukaryotic cells may be the reason for the comparatively high Syndiniales cell counts at station JC03972, though unfortunately we did not perform dinoflagellate cell counts here. 5
Studies of fungal pathogens of marine algae have mostly focused on macroalgae (Kohlmeyer & Kohlmeyer 1979; Küpper et al. 2006 ) and tend to rely on cultivationbased methods. In this study, dual-labeled TSA-FISH combined with wheat germ agglutinin (WGA) chitin staining allowed us to detect associations between fungi and PPEs. The fungal structures that were identified correspond to the chitin positive 10 sporangia life stage. Sporangia, which are larger than zoospores, appear attached to the surface of their algal hosts (Figure 3 and 4) . The use of oligonucleotide probes that target rRNA allows to visualize active cells, which helps to reject the hypothesis of saprotrophic nutrition by the attached fungi.
No fungal associations were observed for any PPE class within the Plast-S 15 population. However, dual TSA-FISH demonstrated fungi in association with Prymnesiophyceae and Chrysophyceae within Plast-L populations from several stations along the transect (Figures 3 and 4, Table 2 ). We would argue here that the significant difference (p<0.05) in associations between Plast-S and Plast-L populations is not due to sampling and sorting issues since the same method was used. Where positive signals 20 were detected, on average 3±0.6% of Chrysophyceae cells were associated with fungi (detected by probes MY1574 and Chyt1061; Table 2, Figure 4) . In contrast, an average of 6.4±0.9% Plast-L Prymnesiophyceae cells were identified with attached fungal structures Accepted Article detected by the Eumycota probe MY1574, and 3.5% (on average) with the Chytrid probe Chyt1061. These associations were observed at stations all along the AMT19 transect studied here, including both ST and SG regions (Table 2) 
Conclusions
This work suggests the quantitative importance of fungi in open ocean pelagic 10 marine systems. Our direct microscopy observations complement phylogenetic data (for a review see: Richards et al., 2012) which suggested that marine fungi are more abundant and taxonomically diverse than previously thought. Thus, they are known to include a number of novel groups, the majority of which branch below the Dikarya radiation, close to the chytrid branches Richards et al., 2012) , and are suspected 15 to be parasitic.
Indeed, here, for the first time, we demonstrate potentially parasitic fungal associations with picophytoplankton, particularly members of the Prymnesiophyceae, one of the most abundant members of the PPE community globally (Liu et al., 2009; Kirkham et al., 2013) . Further investigation of the diversity and specific roles of marine fungi is 20 therefore warranted, particularly to better understand carbon flow in pelagic ecosystems.
Besides viral and grazing pressure, our data suggests that picophytoplankton may be subjected to parasitism across vast tracts of the global ocean. We propose that future Accepted Article investigation of eukaryotic parasitism will provide important new insights essential for measuring and modeling microbial food webs and biogeochemical cycles.
Tables: Table 1 . The percentage contribution of Syndiniales and Fungi, targeted by the ALVO1, MY1574 and Chyt1061, probes respectively, to the total eukaryotic community (<5 µm). Accepted Article
